Plasmids that employ a system of copy number control that involves inhibitor molecules binding to target sequences generally regulate their replication via a small antisense RNA molecule. The target of this inhibitory RNA is the complementary region of a large RNA transcript, whose product is essential for replication. Both antisense and target RNAs are highly structured molecules capable of assuming stable stem-andloop configurations. These structural motifs are just as important as their primary sequences for efficient and specific interaction between antisense and target molecules (6, 10, 32, 34, 43, 47, 52) . Because the small RNAs act in trans, they are also able to affect the replication of other plasmids showing the same specificity of replication control. The ability to interact with the replication machinery of other plasmids means that antisense RNAs act as incompatibility determinants (29) .
Although a number of plasmids use antisense RNA to regulate the frequency with which they initiate replication, the particular molecular mechanism differs for each system. For example, replication of the ColE1 plasmids is regulated by an antisense RNA, which by binding to a preprimer RNA alters its folding and prevents its subsequent processing to form a primer for the initiation of DNA synthesis (19, 24, 49, 50) . The antisense RNAs of the pT181, FII, IncI 1 and IncB plasmids inhibit the expression of the genes coding for the essential replication initiation proteins (Rep) (13, 30, 31, 35, 42, 46) . In pT181, binding of the antisense alters the folding of the rep mRNA, resulting in transcriptional attenuation of the message (31) . Control of copy number in the FII plasmids R1 and NR1 involves the hybridization of the antisense RNA with its complementary sequence in the leader region of the rep mRNA (21, 22, 56) . However, the molecular mechanism by which this RNA-RNA interaction affects rep translation some 80 nucleotides (nt) downstream is not clearly understood. In these plasmids, translation of the mRNA is coupled to, and therefore dependent on, translation of an upstream sequence encoding a small leader peptide. It is thought that the binding of the antisense RNA sterically inhibits translation of the mRNA for the leader peptide, a process which is essential for the translation of the mRNA for the Rep protein (5, 57) .
In the case of the IncB and IncI 1 plasmids, it has been found that the translation initiation regions (TIR) of the mRNAs encoding for the Rep proteins are very inefficient, not only because they are sequestered within secondary structures but also because they have poor agreement with the consensus sequence for ribosomal binding (4, 38, 54) . Translation of the mRNA for these rep proteins is dependent on the formation of an RNA pseudoknot, which appears to act as a translational enhancer (12, 36) . This tertiary structure forms as a consequence of base-pairing between two complementary sequences within the leader of the rep mRNA. The proximal one of these sequences lies within the loop of a stem-loop structure that is the target of the antisense RNA, and the distal sequence adjoins the rep Shine-Dalgarno (SD) sequence. Since the distal pseudoknot sequence normally lies within the paired structure that also includes the rep TIR, formation of pseudoknot requires that this stem-loop structure be disrupted by the ribosomes translating the leader peptide (3, 4, 37, 54) . Thus, the antisense RNAs of B and I 1 plasmids control their replication frequency both directly, by competing for bases required for formation of the pseudoknot, and indirectly, by preventing translation of the leader peptide (3, 4, 12, 37, 54) .
In this paper, the region essential for the autonomous replication of the IncL/M plasmid pMU604 has been characterized. On the basis of these studies, it is proposed that (i) an antisense RNA is the primary copy number control element of this plasmid, (ii) the target of the antisense RNA lies within the leader region of the messenger for a Rep protein, (iii) the antisense RNA regulates the expression of rep at the level of translation, and (iv) expression of rep involves both translational coupling and pseudoknot formation.
MATERIALS AND METHODS
Bacterial strains, plasmids, and phages. The Escherichia coli K-12 strains used in this study are listed below.
JM101 [(⌬lac-proAB) (51) . JP3438 [F Ϫ thr-1 leuB6 supE44 tonA21 gal351 thi-1 rpoB364 lacY1 hsdR4 recA56 ⌬(srl-1300::Tn10)] was the host strain used for incompatibility testing and for RNA extractions. JP7740 (W3110 ⌬lacU169 tsx recA56) was used for all ␤-galactosidase assays with translational and transcriptional lacZ fusions.
Bacteriophage vectors used to clone fragments for sequencing and mutagenesis were M13mp18 (58), M13tg130, and M13tg131 (18) .
Plasmids and bacteriophages used and constructed in this study are described in Table 1 .
Media and chemicals. The minimal medium used was half-strength buffer 56 (27) supplemented with 0.2% (wt/vol) glucose or other carbon sources as indicated, thiamine (10 g/ml), and necessary growth factors. The indicator medium used to screen clones for their ability to forment galactose consisted of a galactose, tryptone, and agar basal medium with tetrazolium salts (T medium) and appropriate antibiotics (9) 32 P]ATP (3,000 Ci/mmol; 10 mCi/ml) were obtained from Amersham Corp. or NEN-Dupont. Kanamycin was used at a final concentration of 20 g/ml, rifampin was used at a final concentration of 100 g/ml, trimethoprim was used at final concentrations of 10 g/ml in minimal medium and 40 g/ml in nutrient medium, isopropyl-␤-D1-thiogalactopyranoside (IPTG) was used at 1 mM, and 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal) was used at 25 g/ml.
Incompatibility testing. To test for incompatibility reactivity between two plasmids, the host strain JP3438 containing the IncL/M mini-Gal plasmid, in which the minimal replicon of the IncL/M plasmid pMU407.1 is linked to the Gal operon as a marker (9) , was transformed with derivatives of pACYC177, each of which contained the individual PstI fragments constituting the replicon of pMU604 (Fig. 1) . Selection was maintained for the incoming pACYC177 derivatives, and any exclusion of the resident parent plasmid, due to incompatibility reactivity, was monitored on T medium containing kanamycin. Colonies retaining both plasmids will be Gal ϩ and kanamycin resistant. The results were interpreted relative to those of controls, which tested the ability of pACYC177 (p15A replicon) to coexist stably with the resident mini-Gal plasmid.
Recombinant DNA techniques. Plasmid and bacteriophage DNA was isolated and manipulated as described by Sambrook et al. (39) . DNA sequencing was performed by the method of Sanger et al. (40) , except that T7 DNA polymerase was used instead of the Klenow fragment and terminated chains were labelled uniformly with [␣-
35 S]dATP␣S. DNA fragments to be sequenced from singlestranded templates were cloned in both orientations into M13 sequencing vectors. Templates for sequencing of double-stranded DNA were purified with CsCl gradients.
Sequence analysis and homology search. The DNA sequence was analyzed with the MELBDBSYS computer program developed by A. Kyne from the original DB system of Staden (44, 45) and the MacTargsearch program (11) . Computer searches of the major DNA and protein databases (such as GenBank, EMBL nucleotide, NBRF/PIR, and SWISS-PROT) were performed within the DBQUERY system. Protein alignments were carried out with the CLUSTAL program (14, 15) .
Nucleotide sequence accession number. The nucleotide sequence in this communication has been submitted to GenBank (accession number U27345).
RNA secondary structure predictions. The program of Zuker and colleagues (16, 17, 59 ) was employed to predict RNA secondary structures.
Primer extension mapping. Total cellular RNA was prepared from midexponential cells of strains with and without the pMU604 plasmid by the method of Aiba et al. (1) .
The 5Ј ends of in vivo transcripts were mapped by the primer extension technique (39) . Strand-specific probes were prepared by 5Ј end labelling of synthetic oligonucleotide primers VA01 (nucleotide [nt] 546 to 527), VA06 (nt 463 to 442), and VA59 (nt 569 to 593) with [␥- 32 P]ATP and T4 polynucleotide kinase. After hybridization to RNA, the primers were extended with avian myeloblastosis virus reverse transcriptase and run on a sequencing gel alongside DNA sequencing reactions of the M13 clone used to generate the cDNA (39) .
Northern (RNA) blotting. RNA samples (40 g) were prepared as described above and electrophoresed on a 1.5% formaldehyde denaturing gel containing 1 g of ethidium bromide per ml at 14 to 16 mA for 4.5 to 5 h as recommended previously (39) . Five micrograms of RNA markers (Gibco BRL) were run alongside as size standards.
The M13 derivatives mpMU605 and mpMU681 were used to generate strandspecific probes. Two micrograms of single-stranded DNA was annealed to 1 pmol of Hybridization Probe primer (New England Biolabs). The appropriate amounts of deoxynucleotides and Klenow fragment were added together with [␣- 32 
P]dATP and [␣-
32 P]dCTP. After incubation for 20 min at 37ЊC, the probes were purified on a G50 Sephadex spin column. The radioactivity of the labelled probes was determined, and 1 ϫ 10 6 to 3 ϫ 10 6 cpm was added to the hybridizing blots. After overnight hybridization, the blots were washed and autoradiographed for 3 to 4 days at Ϫ70ЊC with an intensifying screen.
Site-directed mutagenesis. In vitro mutagenesis was performed with oligonucleotides synthesized on a Gene Assembler Plus (Pharmacia LKB Biotechnology) and the commercially available United States Biochemical Corp. kit. The presence of mutations was screened for and confirmed by DNA sequencing.
Construction of the lacZ fusion plasmids. Because of the lack of appropriate cloning sites in the replicon, the PCR was used to generate DNA fragments from pMU604 with unique restriction sites at the 5Ј and 3Ј ends. These PCR fragments were cloned into M13 vectors to check for misincorporated nucleotides. M13 derivatives carrying error-free inserts were used as templates for mutagenesis and as a source of fragments for construction of lacZ fusions. In each of these pMU2385 or pMU2386 derivatives, a promoter within the cloned insert leads to the expression of the ␤-galactosidase structural gene.
A fragment spanning nt 330 to 463 of pMU604 was generated via PCR to contain a 5Ј PstI site and a blunt 3Ј end. The fragment was cloned into the PstI-SmaI sites of M13tg131, where it was sequenced, and used thereafter as a template for mutagenesis. The fragment was finally cloned as a PstI-EcoRI fragment into the promoter cloning vector pMU2385, generating pMU3271. The repA-(nt 1 to 769), repB-(nt 1 to 692), and repC-(nt 1 to 319) lacZ fusion fragments were constructed via PCR to contain a PstI linker at the 5Ј end and a BamHI linker at the 3Ј ends. Thus, in the repA-, repB-, and repC-lacZ translational vectors (pMU3276, pMU3274, and pMU3270, respectively), codon 26 of repA, codon 16 of repB, and codon 52 of repC, respectively, were fused in frame with the eighth codon of lacZ. These fragments were the basis for further derivation of mutants.
pACYC177 derivatives. For the construction of pMU3265, a fragment containing nt 507 to 698 of pMU604, with PstI linkers on both 5Ј and 3Ј ends, was generated via PCR and cloned into the PstI site of pACYC177. The BamHI- HindII fragment which contains the bla promoter of pACYC177 was then deleted to prevent transcription into the insert. Plasmid pMU3265 contains the region encoding the rnaI gene, including the promoter, and was therefore introduced in trans to determine if the region was sufficient to give incompatibility reactivity. Since pMU3265 expresses RNAI (but not repBA mRNA) from its own promoter, it was also used to deliver extra copies of RNAI. The pACYC177 derivative pMU3268 carries a fragment encompassing nt 330 to 634 of pMU604, which was generated via PCR to contain a PstI and a BamHI linker at the 5Ј and 3Ј ends, respectively. This derivative expresses the leader region of repBA mRNA, including stem-loop I, which is the presumed target for RNAI, but does not express RNAI since it lacks the rnaI promoter. pMU3268 is used to titrate out RNAI molecules synthesized by other plasmids. pMU3269 is a pACYC177 derivative containing the first 414 nt of pMU604. The insert in this vector was generated by PCR to have a PstI restriction site at the 5Ј end and a 3Ј BamHI site at the 3Ј end. pMU3269 carries the upstream promoter, PI, and expresses the upstream open reading frame, repC (see Fig. 1 ). All fragments generated by PCR were cloned into M13 vectors, and their sequences were checked for misincorporated nucleotides. Error-free inserts were then used to construct the pACYC177 derivatives described above.
Measurement of ␤-galactosidase activity. Plasmids were assayed for lacZ expression in strain JP7740. ␤-Galactosidase activity of mid-log-phase cultures was assayed as described by Miller (26) . Each sample was assayed in duplicate, and each assay was performed at least three times. The values obtained were averaged, and the result of each individual assay deviated from the average by no more than 20%.
RESULTS
Analysis of the nucleotide sequence of pMU604. The miniplasmid pMU604 is a derivative of pMU407.1, a naturally occurring conjugative plasmid which belongs to the incompatibility group L/M (9). To characterize this miniplasmid, we determined the sequence of its replicon (Fig. 1) . A search of this sequence revealed a region of dyad symmetry at map positions 558 to 610. Computer analysis (11) of DNA in the immediate vicinity of this palindrome revealed the presence of a region bearing strong resemblance to the E. coli 70 promoter consensus sequence, on the strand complementary to that shown in Fig. 1 . This region contains the sequence TTG caA (positions 662 to 657), which shows homology with the Ϫ35 consensus, followed 16 bases downstream by the sequence TATAAT (bases 640 to 635), which exactly matches the Ϫ10 consensus. The RNA transcript that would be formed from this promoter is predicted to form a stable hairpin containing a G-C-rich region near the base of the stem and to terminate after a run of consecutive U residues, as seen in rho-independent transcriptional terminators. If transcribed, such an RNA molecule would be 75 to 77 bases long. To determine whether the region of DNA predicted to encode this small RNA is responsible for the observed incompatibility reactivity of the 805-bp PstI fragment (nt 1 to 805 [9] ), a fragment spanning nucleotides 507 to 698 of pMU604 was cloned into pACYC177. Incompatibility tests performed with this derivative, pMU3265, revealed that it expressed strong incompatibility against pMU604. Moreover, an RNA molecule which was approximately 77 nt long and initiated with a G was produced when supercoiled pMU3265 or pMU604 DNA was transcribed in vitro (data not shown).
Northern blotting using DNA probes containing nt 1 to 805 or nt 507 to 698 of pMU604 showed that a leftward-reading RNA species of less than 116 bases, designated RNAI, is transcribed from the 805-bp fragment in vivo (Fig. 2) . To map the transcriptional start point of RNAI, an oligonucleotide primer corresponding to nt 569 to 593 (5Ј to 3Ј) of pMU604 was hybridized to total cellular RNA prepared from JP7721 (JP3438 carrying pMU604) and extended with avian myeloblastosis virus reverse transcriptase. Determination of the size of the cDNA product indicated that it terminated at cytosine at position 626 (C626) or G627, 7 or 8 bases downstream of the invariant T of the putative RNAI promoter (Fig. 3A) . Computer modelling (16, 17, 59) predicted that RNAI forms a stable structure composed of a minor stem-loop at its 5Ј end, a major stem-loop, and a single-stranded 3Ј tail (Fig. 4) . This structure is similar to those of the antisense RNAs that control the replication of the I-complex and FII groups of plasmids (Fig. 4) .
The DNA of pMU604 contains a long open reading frame (ORF), ORF1, with a GTG at map position 692 that could act as a potential start codon and a stop codon at position 1747. An SD-like sequence, AGGG, lies 4 nt upstream of this GTG, at positions 684 to 687 (Fig. 1) . To determine whether ORF1 is translated in vivo, a PstI-BamHI fragment encompassing nucleotides 1 to 769 of pMU604 was generated by PCR and inserted into the translational fusion vector pMU2386 in such a way that codon 26 of ORF1 was fused in phase to the eighth codon of lacZ. pMU2386 is a low-copy-number vector carrying the promoterless lacZ gene in which the ribosome binding site and the first 8 codons have been replaced by a polylinker containing unique sites for endonucleases PstI, EcoRI, HindIII, BglII, SalI, and BamHI (20) . Thus, expression of ␤-galactosidase from this fusion (pMU3276) is dependent both on the activity of a promoter(s) within the insert directing transcription into lacZ and on the efficiency of translation of ORF1. JP7740 carrying pMU3276 yielded 173 U of ␤-galactosidase activity ( Table 2 ), indicating that ORF1 is translated in vivo. The respective protein was designated RepA, and the gene was termed repA.
Site-directed mutagenesis was employed to alter the putative start codon of repA, and the effect of these base substitutions on translation efficiency of repA-lacZ was determined. Altering the GTG at map position 692 to ATG, a more efficient start codon (38) , resulted in an approximately 1.5-fold increase in the expression of repA-lacZ, whereas substitution of a lessefficient initiation codon, CTG, resulted in a 35-fold decrease in ␤-galactosidase activity (Table 2 ). These data confirm that the GTG at position 692 is the translational start codon of repA.
From the sequence, RepA is predicted to be a hydrophilic protein of 40,861 Da and have an overall net positive charge. Such characteristics are typical of DNA-binding proteins.
Comparison of the RepA sequence with sequences held in the data banks showed that it shares significant similarities with the Rep proteins of the IncI 1 plasmid ColIb-P9 (13), the IncB plasmid pMU720 (36), the IncK plasmid pMU2209 (36) , and the RepFIC replicon (RepFIIA-like replicon) of the IncFI plasmid P307 (23) . Each of these closely related proteins showed approximately 40% identity to RepA of pMU604 (Fig.  5) . Moreover, the pMU604 replicon showed approximately 52% DNA sequence similarity with the replicons of these four plasmids.
Where does repA mRNA initiate? To determine the start point of transcription of repA mRNA, the sequence upstream of the repA-lacZ fusion point was examined for the presence of E. coli promoter consensus sequences. Computer analysis (11) revealed four regions bearing reasonable homology to RNA polymerase binding sites. One of these, termed PI, has the sequence TgaAaA between map positions 25 and 30 as the Ϫ35 region and the sequence TAaAcT at positions 49 to 54 as the Ϫ10 box. The other three putative promoter sequences, termed PII, PIII, and PIV, lie close together in the region between map positions 346 and 454 (Fig. 1) . Primer extension analysis was employed in an effort to detect the transcriptional start point(s) of the rep mRNA. Primers VA01 and VA06, complementary to nt 527 to 546 and nt 442 to 463, respectively, were hybridized to total cellular RNA from JP3438 cells harboring pMU604 and extended with reverse transcriptase. Extension of primer VA01 produced one major and three minor cDNA species (Fig. 3B) . The 3Ј end of the major product corresponded to G462, which lies 8 bases downstream of the invariant T of promoter PIV. The three minor bands corresponded to the fifth (G459) and sixth (G460) bases downstream of the invariant T of promoter PIV and to the seventh (G411) base downstream of the invariant T of promoter PIII. Extension of primer VA06 produced many minor cDNA spe- (26), and the values shown are the averages of at least three independent determinations. The vector (pACYC177) or its derivatives were present in trans. RNAI (pMU3265) carries nt 507 to 698 of pMU604 and therefore expresses RNAI. The target (pMU3268) carries nt 330 to 634 of pMU604 and thus expresses the leader sequence of rep mRNA, which is complementary to RNAI but does not express RNAI. These plasmids do not carry lacZ. Background levels of ␤-galactosidase expression from the translational vector (pMU2386) and transcriptional vector (pMU2385), lacking a cloned insert, were Ͻ0.1 and 0.7 U, respectively.
b ND, not done.
cies, some of which terminated upstream of PIII, but no major band was detected (data not shown). The simplest interpretation of these data is that (i) both PIII and PIV as well as a promoter(s) upstream of PIII direct the rightward-reading transcription or (ii) the only active promoter is located upstream of PIII and the bands detected with primer VA01 and shown in Fig. 3B do not correspond to transcriptional start sites but are the result of nonspecific termination by the reverse transcriptase.
To discriminate between these possibilities, two DNA fragments, one encoding PII, PIII, and PIV (nt 330 to 463) and the other encoding PI (nt 1 to 319), were inserted separately into the promoter cloning vector pMU2385. The PII-PIV fusion produced 2,750 U and the PI fusion produced 931 U of ␤-galactosidase activity, showing that both of the DNA inserts contain active promoters (Table 3) . To determine which of the three putative promoters within the PII-PIV insert was driving the transcription of lacZ, the effect of substituting the invariant T of each by a G was measured. Substitution of the invariant T of PII actually slightly increased expression of lacZ, but substitution of the invariant T of PIII or PIV reduced expression by 20 and 51%, respectively (Table 3) . Data obtained with PII-PIV fusions in which two of the three promoters carried substitution in their invariant T indicated that all three promoters are transcriptionally active. Thus, fusions in which only PII was intact (i.e., both PIII and PIV had been mutated) still produced 9% (247 U) of the wild-type level of ␤-galactosidase activity, whereas fusions carrying intact PIII or PIV produced 84 or 75% of wild-type activity, respectively (Table 3) . Fusions in which all three promoter sequences had been mutated produced less than 1% (12 U) of the wild-type level of ␤-galactosidase activity.
Inactivation of PII, PIII, and PIV of the repA-lacZ fusion pMU3275, leaving PI as the only active promoter, reduced ␤-galactosidase activity from this plasmid to 4 U, indicating that PI does not contribute significantly to the transcription of repA.
How is repA expression regulated? To determine whether RNAI regulates the expression of repA, we examined the effect on ␤-galactosidase levels from the repA-lacZ translational fusion (pMU3276) of increasing or decreasing the dosage of RNAI. The dosage of the antisense RNA was modulated by introducing either rnaI, the gene coding for RNAI, or the sequence for the predicted RNAI target in trans on the multicopy plasmid pACYC177. The introduction of multiple copies of rnaI in trans (pMU3265) abolished almost all ␤-galactosidase activity of pMU3276 (0.2 U), whereas titrating RNAI by introducing the sequence complementary to it (pMU3628) resulted in a 6.5-fold increase in repA-lacZ expression ( Table 2) . Although both of the repA-lacZ fusions carrying substitutions in the start codon of repA responded to regulation by the antisense RNA, the fusion with the ATG start codon showed an unexpectedly high level of RNAI-insensitive expression (Table 2) .
To determine whether RNAI regulates expression of repAlacZ at the transcriptional or posttranscriptional level, we examined the effect of the antisense RNA on the expression of ␤-galactosidase from a repA-lacZ transcriptional fusion (pMU3275). This plasmid was constructed by inserting nt 1 to 769 of pMU604 into the polylinker of the promoter cloning vector pMU2385. pMU2385 is a low-copy-number plasmid in which the amino terminus of the galK gene, including the TIR but not the promoter, is fused in phase with codon eight of lacZ (37) . Hence, expression of ␤-galactosidase from this vector is dependent only on transcription initiating within the inserted DNA and reading into galKЈ-lacЈZ. Expression of ␤-galactosidase from pMU3275 was affected only slightly by alterations in the dosage of RNAI (Table 2) . These data show that (i) RNAI regulates the expression of repA and that it does so primarily at the level of translation, and (ii) the target for RNAI is expressed from the insert carried by pMU3628, which corresponds to nt 330 to 634 of pMU604.
Thus, the RNAI target is situated at least 65 nt upstream of the repA start codon, which raises the question of how the interaction of the antisense RNA with its complementary region in the target RNA regulates repA expression. Plasmids of the IncB, IncI 1 , and FII groups express a small leader peptide whose translation is necessary for Rep protein expression (5, 12, 37, 57) . To determine if this is also the case with the IncL/M plasmid, we looked for the existence of such a leader peptide. An appropriately positioned small ORF, designated ORF2, was located between positions 645 and 693. This ORF has a putative SD sequence, AGGA, located 9 nt upstream from an ATG codon and a stop codon which overlaps the repA start codon. ORF2 does not share any sequence similarity with the leader peptides of FII, IncB, or T404G and T454G  247  330-463  T375G and T454G  2,318  330-463  T375G and T404G  2,061  330-463  T375G, T404G, and T454G  12  1-319 None 931
a The DNA fragment carrying nt 1 to 319 of pMU604 contains PI, and that carrying nt 330 to 463 contains PII, PIII, and PIV.
b Bases T-375, T-404, and T-454 correspond to the invariant T of PII, PIII, and PIV, respectively. c ␤-Galactosidase activities were measured by the method of Miller (26) , and the values shown are the averages of at least three independent determinations. pMU604 were inserted into pMU2386 so that codon 16 of ORF2 was fused in phase with the eighth codon of the lacZ gene yielded 496 U of ␤-galactosidase activity, establishing that ORF2 is translated in vivo ( Table 4 ). The gene encoding ORF2 was designated repB.
The putative SD sequence of repB is located only 4 nt upstream of the start point of transcription of RNAI, suggesting that, as in other systems, RNAI may be able to regulate translation of repB. To test this possibility, plasmids expressing either RNAI molecules or their targets were introduced in trans to the repB-lacZ fusion plasmid. The addition of extra RNAI molecules resulted in a 15-fold reduction of ␤-galactosidase expression, whereas titration of RNAI by its target sequence resulted in a 2.6-fold elevation in the levels of ␤-galactosidase synthesized from the repB-lacZ fusion (Table 4 ). An analogous repB-lacZ transcriptional fusion produced 2,516 U of ␤-galactosidase activity (Table 4) , which was largely unaffected by the addition of extra copies of RNAI or of its target RNA (data not shown). These data confirm that RNAI regulates repB expression and that it does so primarily at the posttranscriptional level.
The translational stop codon of repB overlaps the repA start codon. To test whether the two genes are translationally coupled, the repB initiation codon was altered by site-directed mutagenesis, and the effect of these changes on the translational activity of repA and repB fusions was examined. The fragments used to construct the translational fusions were also inserted into the promoter cloning vector pMU2385 to produce transcriptional fusions. Altering the natural repB start codon from ATG to CTG reduced repB expression by 29-fold and repA expression by 6.6-fold (Table 4) . Altering the repB start codon to ACG, which is not known to function as an initiation codon, abolished almost all repB expression and reduced expression of repA-lacZ 43-fold, to 4 U. Moreover, all four mutant fusions were still subject to regulation by RNAI (Table 4) . Since the mutations did not significantly decrease the ␤-galactosidase activity from the repA or repB transcriptional fusions (Table 4) , they must be acting at the level of translation. These data indicate that mutations in the start codon of repB, which reduce repB expression, also reduce the expression of repA, showing that the two genes are translationally coupled. In addition, it is evident that there is almost no repB-independent translation of repA.
Replication in IncB and IncI 1 plasmids involves the formation of a pseudoknot, an RNA tertiary structure which is essential for efficient rep expression. This pseudoknot forms when bases in the loop of the stem-loop structure that is the target of the antisense RNA pair with their complementary bases located next to the SD sequence of the gene coding for the initiator protein (3, 37) . Because IncL/M, IncB, and IncI 1 plasmids possess common regulatory features, we looked for a possible pseudoknot structure in pMU604. Two 8-base complementary sequences were observed at appropriate positions in the leader region of repA mRNA. The proximal sequence lies in the region complementary to RNAI, and the distal sequence is located 8 nt upstream of the repA SD ( Fig. 1 and  6 ). Mutagenesis of 2 bases in the distal pseudoknot sequence, followed by the introduction of compensatory mutations in the proximal pseudoknot sequence to reestablish complementarity (Fig. 6) , was carried out to determine whether these two sequences interact and whether such an interaction affects repA expression.
Substituting G for C at position 671 reduced ␤-galactosidase expression from the repA-lacZ translational fusion 86.5-fold, to 2 U (Table 5 ). Introduction of a compensatory mutation at position 587, which restores the ability of bases 671 and 587 to pair with each other, increased the expression to 299 U. Similarily, substitution of an A for the C at position 674 reduced expression of repA-lacZ to 2 U and the addition of the G-to-T substitution at position 584 (G584T substitution) to restore complementarity between bases 584 and 674 increased expression to 389 U (Table 5) . It is clear from the examination of the data obtained with the analogous repA-lacZ transcriptional fusions that these mutations affect the translation rather than the transcription of repA (Table 5) .
Does PI have any role in the replicon? Since significant transcriptional activity was demonstrated in vivo from PI, the sequence downstream of this promoter was analyzed for possible ORFs. A single ORF, ORF3, was located at positions 165 to 395 (Fig. 1) . This ORF has an SD-like sequence GAGG at positions 157 to 160, followed by a potential start codon, GTG, at position 165. If ORF3 were translated, it would code for a hydrophilic protein of 76 amino acids, with a calculated molecular weight of 9,129. a The A645C substitution changes the repB start codon from ATG to CTG, whereas the T646C substitution changes it to ACG. b ␤-Galactosidase activities were measured by the method of Miller (26) , and the values shown are the averages of at least three independent determinations. The vector (pACYC177) or its derivatives were present in trans. RNAI (pMU3265) carries nt 507 to 698 of pMU604 and therefore expresses RNAI. The target (pMU3268) carries nt 330 to 634 of pMU604 and thus expresses the leader sequence of rep mRNA, which is complementary to RNAI but does not express RNAI. These plasmids do not carry lacZ. a ␤-Galactosidase activities were measured by the method of Miller (26) , and the values shown are the averages of at least three independent determinations.
To determine if ORF3 is translated in vivo, the first 319 bp of pMU604 were cloned into the translational fusion vector pMU2386 such that codon 52 of ORF3 was fused in frame to codon 8 of lacZ. This fusion produced 10 U of ␤-galactosidase activity ( Table 6 ), indicating that ORF3 codes for a protein, designated RepC. Although ␤-galactosidase activity from the translational repC-lacZ fusion was low, the values obtained were consistently reproducible and significant when compared with the vector lacking the insert. In addition, filling in of the 3Ј BamHI site of the repC-lacZ translational fusion, which puts ORF3 out of frame with lacZ, abolishes ␤-galactosidase activity (Ͻ0.1 U). The expression of repC appears to be unregulated since it was unaffected by the presence in trans of multiple copies of the genes encoding RNAI, the target of RNAI or RepC ( Table 6 ). Alteration of the GTG at positions 165 to 167 to GCG (T166C), a codon not known to function as an initiation codon, reduced expression of repC-lacZ from a translational fusion by ϳ3-fold, to 3 U, without reducing the expression from the analogous transcriptional fusion (Table 6 ). These data confirm that the GTG at position 165 is indeed the start codon of repC.
To ascertain if repC has a role in regulating plasmid copy number, the amount of RepC in the cell was altered and the effect of these changes on the expression of repA-lacZ was investigated. When the T166C substitution, which reduces repC expression 3-fold, was introduced into the repA-lacZ fusions, the expression of ␤-galactosidase from the transcriptional fusion increased 1.6-fold to 1,795 U, and the expression FIG. 6 . Diagrammatic representation of the base substitutions in the repBA mRNA used to determine the existence of a pseudoknot structure in IncL/M and its importance in repA expression. The initiation codon and putative SD sequence of repA are in shadow type, while the repB termination codon is boxed. The two 8-base complementary sequences postulated to be involved in pseudoknot formation are in boldface type. The arrows under the sequence represent the secondary structure (stem-loop II) predicted to sequester the distal pseudoknot sequence and repA SD sequence. a ␤-Galactosidase activities were measured by the method of Miller (26) , and the values shown are the averages of at least three independent determinations. The vector (pACYC177) or its derivatives were present in trans. RNAI (pMU3265) carries nt 507 to 698 of pMU604 and therefore expresses RNAI. The target (pMU3268) carries nt 330 to 634 of pMU604 and thus expresses the leader sequence of rep mRNA, which is complementary to RNAI but does not express RNAI. RepC (pMU3269) carries nt 1 to 414 of pMU604 and therefore expresses RepC. These plasmids do not carry lacZ.
from the translational fusion increased 1.4-fold, to 250 U. Introduction of a pACYC177 derivative carrying nt 1 to 414 of pMU604 (pMU3269), which presumedly increases levels of RepC in the cell, reduced expression of repA-lacZ translational fusion by 2.5-fold, to 68 U.
DISCUSSION
Data presented in this paper indicate that replication of the IncL/M plasmid pMU604 is regulated by an approximately 77-base-long antisense RNA, RNAI. Computer modelling (16, 17, 59 ) predicts that RNAI is a highly structured molecule. The larger of its two stem-loops, consisting of a long stem containing two interior loops and topped by an 8-base loop, resembles the structures shown to be important for the activity of the antisense RNAs that regulate replication of the I-complex plasmids, such as those belonging to the IncB, IncK, and IncI 1 groups, and of IncFII plasmids. Thus, the loops of the IncL/M and IncK molecules differ by only 1 base, and this close similarity extends into the upper stem region, although there is a greater divergence in the interior loops, lower stems, and single-stranded tails of these two RNAs (Fig. 4) . Bases in the interior loops of the upper stem have been shown to be as critical to the interaction between the antisense molecules and their targets as bases in the hairpin loops (43) , so it is not surprising that despite the similarity in their hairpin loops, the IncL/M and IncK plasmids are compatible. Similarly, the differences in the hairpin loops and the interior loops of the upper stems of the respective antisense RNAs are sufficient to account for the observation that pMU604 is also compatible with both IncB and FII plasmids (9) . pMU604 was found to encode RepA, a protein of 351 amino acids which shares approximately 40% identity over most of its length with the replication initiator proteins of the IncI 1 plasmid ColIb-P9 (13), the IncB plasmid pMU720 (36), the Rep-FIC replicon P307 (23) , and the IncK plasmid pMU2209 (36) . These four proteins show greater than 85% sequence identity at the amino acid level with each other. By contrast, there is less than 15% amino acid identity between RepA of pMU604 and the replication initiation proteins of the FII plasmids, although these are considered to be members of the FIC family (23) . This implies that the conservation of sequence between RepA of pMU604 and the respective proteins of pMU720, ColIb-P9, and P307 is not due simply to the necessity to preserve properties essential for all Rep proteins and indicates a common ancestry between these proteins. Furthermore, the similarity of the RepA protein of pMU604 to the replication initiation proteins of these other plasmids indicates that it too is involved in initiation of replication. This notion is supported by the finding that the antisense RNA that is the major incompatibility determinant of pMU604 is a negative regulator of expression of repA.
The target of RNAI was shown to be encoded between nucleotides 330 and 634 of pMU604 and is almost certainly that sequence in the repA mRNA which is complementary to RNAI (Fig. 1) . Moreover, as is the case with FII, IncB, and IncI 1 plasmids, although RNAI regulates the translation of repA, its target is situated more than 60 bp away from the repA TIR (Fig. 1) . Mutational analysis showed that repA is translationally coupled to repB, a gene encoding a small leader peptide, and that there is almost no expression of repA in the absence of expression of repB. The stop codon of repB overlaps the repA start codon, an arrangement that is generally considered to be most efficient for coupled genes since the ribosome terminating translation of the upstream gene can reinitiate at the downstream one without dissociating from the mRNA (2, 8, 33, 41, 48) . However, this was found not to be the case for the IncB plasmid pMU720, whose coupled genes, repB and repA, overlap by 10 bp. In this plasmid, moving the stop codon of repB so that it overlapped the start codon of repA had little effect on the expression of repA (37) . It remains to be seen whether the 1-bp overlap between the two rep genes of pMU604 is important for the efficiency of translational coupling between them.
RNAI regulates the translation not only of repA but also of repB. The putative SD sequence of repB is located 4 nt upstream of the transcription initiation site of RNAI. This suggests that formation of the complex between RNAI and the repBA mRNA may sterically hinder ribosomes attempting to bind at the repB TIR. The antisense RNA of the IncB plasmid pMU720 has been shown to regulate expression of repB by just such a mechanism (55) .
The finding that expression of repB is approximately 70 times less sensitive to inhibition by RNAI than is the expression of repA indicated that RNAI is able to regulate repA directly rather than only via repB. The identification of two octanucleotide complementary sequences in the leader region of repA mRNA and the demonstration that base-pairing between them is important for the efficient translation of repA suggest how RNAI may directly control the expression of this gene. Since the proximal octanucleotide sequence is located in the loop of the stem-loop structure thought to be the target of RNAI, it is likely that formation of a complex between this structure and RNAI will sequester the proximal octanucleotide sequence and thus prevent formation of the pseudoknot. This is the case in plasmids pMU720 and ColIb-P9, where it has been shown that the bases in the loop of the target of RNAI that are involved in the initial kissing interaction with the antisense RNA are also the ones that are crucial for the formation of the pseudoknot (3, 37, 43) . Thus, in broad terms, the mechanism by which RNAI controls the expression of repA of pMU604 appears to closely resemble that described for plasmids pMU720 and ColIb-P9 (3, 4, 12, 37, 54, 55) . However, there are a number of differences between the regulatory regions of pMU604 and the other two plasmids, whose significance has to be established. For example, the proximal pseudoknot sequence is separated from the distal one by 79 nt in pMU604, whereas in pMU720 and ColIb-P9, they are 103 nt apart. These differences are likely to be important because expression of repA in pMU720 increased when the two pseudoknot sequences were brought closer to each other and decreased when they were moved further apart (54) . Similarly, the distal pseudoknot sequence of pMU604 lies 8 and 16 nt upstream of the repA SD sequence and start codon, respectively, compared with 1 and 14 nt for the corresponding sequences in the other two plasmids. In pMU720, it has been shown that increasing the distance between the distal pseudoknot sequence and TIR of repA by as few as 2 bases drastically reduces the expression of this gene (54) . The notion that these distances are important for function is supported by the observation that they have been conserved in all of the I-complex plasmids examined to date (13, 28, 36) . On the other hand, the difference in the spacing between the distal pseudoknot sequence and the repB stop codon is less likely to be important, given that the corresponding codon of pMU720 could be moved a considerable distance with little effect on repA expression, as long as the ribosome terminating translation of repB was in a position to disrupt the secondary structure sequestering the distal pseudoknot sequence and TIR of repA without obstructing formation of the pseudoknot (37, 53) . Whether the positioning of these various sequences vis-à-vis each other in pMU604 is optimal for the regulation and expression of repA in this plasmid remains to be tested.
An unusual feature of translational coupling between repB and repA of pMU720 is that it is ineffective in the absence of pseudoknot, and this appears to be due at least in part to the poor SD sequence of repA (54) . The translational coupling between the rep genes of pMU604 is also dependent on pseudoknot, since mutations which decrease complementarity between the two octameric sequences reduce expression of repA by 85-fold. Surprisingly, substitution of its GTG start codon by ATG increased RNAI-insensitive expression of repA in pMU604 by 60-fold (Table 2 ). In pMU720, such high levels of RNAI-insensitive expression of repA have been correlated with translation that is independent of pseudoknot (54) . It remains to be seen whether the same is true of this mutant of pMU604. In addition to changing the start codon of repA, this base substitution shortens the reading frame of repB by one codon, changing the overlap of repBA from TGGTGA to TGATGA. Such a change did not affect the expression or regulation of repA in pMU720 (53) but may do so in pMU604. The distal pseudoknot sequence and TIR of repA in pMU720 are predicted to be sequestered within an inhibitory secondary structure which must be disrupted by the ribosomes involved in translation and termination of repB. Mutations which destabilize this secondary structure increase the level of unregulatable expression of repA (54) . The situation is less clear in pMU604, where computer predictions (data not shown) indicate two mutually exclusive structures, one sequestering the distal pseudoknot sequence and the SD region but not the start codon of repA and the other sequestering the repA TIR but not the distal pseudoknot sequence. However, neither one of these structures is predicted to be affected by the mutation in the start codon of repA.
Transcriptional studies identified four promoters upstream of repA, only one of which, PI, did not contribute significantly to the transcription of repA. However, PI appears to be involved in the expression of RepC, a 76-amino-acid-long polypeptide that seems to play a minor role in the control of expression of repA. Whether RepC affects the transcription or the translation of repA and what contribution it makes to setting the copy number of pMU604 remain to be determined.
Analysis of the replicon of the IncL/M plasmid pMU604 revealed its hitherto-unsuspected evolutionary relationship to plasmids of the I-complex group. This is evident not only from the homology between the RepA of pMU604 and the Rep proteins of pMU720 and ColIb-P9 but perhaps even more significantly from the strategies developed to regulate the expression of these proteins. Our data clearly show that expression of repA in pMU604 requires both the translation of repB and the formation of pseudoknot within the leader region of repA mRNA, and we believe that binding of RNAI to repA mRNA leads to inhibition of each of these events, as illustrated in Fig. 7 . However, the actual sequences involved in these regulatory pathways and the positioning of these sequences are significantly different between the two groups of plasmids. Investigation of the importance of these differences to the expression of repA in pMU604 should lead to a better understanding of the regulation of rep not only in the IncL/M plasmids but also in the I-complex plasmids.
